Acinetobacter baumannii (A. baumannii) is a significant cause of severe nosocomial pneumonia in immunocompromised individuals world-wide. With limited treatment options available, a better understanding of host immnity to A. baumannii infection is critical to devise alternative control strategies. Our previous study has identified that intracellular Nod1/Nod2 signaling pathway is required for the immune control of A. baumannii in airway epithelial cells in vitro. In the current study, using Nod2 −/− mice and an in vivo sublethal model of pulmonary infection, we show that Nod2 contributes to the early lung defense against A. baumannii infection through reactive oxygen species (ROS)/ reactive nitrogen species (RNS) production as Nod2 −/− mice showed significantly reduced production of ROS/RNS in the lungs following A. baumannii infection. Consistent with the higher bacterial load, A. baumannii-induced neutrophil recruitment, cytokine/chemokine response and lung pathology was also exacerbated in Nod2 −/− mice at early time points post-infection. Finally, we show that administration of Nod2 ligand muramyl dipeptide (MDP) prior to infection protected the wild-type mice from A. baumannii pulmonary challenge. Collectively, Nod2 is an important player in the early lung immunity against A. baumannii and modulating Nod2 pathway could be considered as a viable therapeutic strategy to control A. baumannii pulmonary infection.
reactive nitrogen species (RNS) playing only a minor role [10] [11] [12] . Qiu et al. 12 demonstrated that the early killing of A. baumannii by the resident phagocytes and inflammatory cells depends on the presence of an intact phagocyte NADPH oxidase, thus suggesting a crucial role for the oxidative burst in the rapid killing of ingested A. baumannii by phagocytes. However, the innate immune signaling pathways involved in ROS production during A. baumannii pneumonia are not known.
Although a few studies have reported the involvement of innate immune pathways in controlling A. baumannii pulmonary infections, a comprehensive understanding of the relative contribution of these pathways is still lacking. Being a Gram-negative bacterium, LPS and the TLR4 pathway contributes to the cytokine/chemokine secretion and neutrophil recruitment during A. baumannii lung infection 10 . TLR2 has been shown to play either a protective or detrimental role during A. baumannii lung infection 10, 13 . Although generally viewed as an extracellular bacterium, A. baumannii is capable of invading mammalian cells [14] [15] [16] , highlighting the important role for the intracellular innate immune recognition in the immune defense against A. baumannii. However identification and characterization of the role of intracellular innate immune receptors in A. baumannii infections is still in its infancy. Using pneumonia and systemic murine infection models, a recent report has revealed an important protective role for the intracellular innate immune sensor TLR9 in A. baumannii immune response 17 . Our recent study showed that the NLRP3 inflammasome plays an important role in the pulmonary host defense against A. baumannii clinical isolate, but not against A. baumannii-type strain 18 . Using lung epithelial cells and in vitro infection model systems, our group has also shown that the intracellular innate immune receptors Nod2, Nod1 and Rip2 are important innate immune receptors that recognize intracellular A. baumannii 14 . In the current study, we sought to determine the in vivo relevance of Nod2 in the innate immune and the inflammatory response associated with A. baumannii using a sub-lethal pneumonia infection model in mice. Our study demonstrated that Nod2 is critical for the early but not the late innate immune control of A. baumannii pneumonia. Mechanistically, Nod2 contributed to the oxidative stress generation (ROS/RNS) for A. baumannii control during early time points of infection.
Results
Nod2-deficient mice are more susceptible to A. baumannii at early time points of infection. To determine the in vivo role of NOD2 in the pulmonary host defense against A. baumannii, we used a sub-lethal murine pulmonary infection model using the ATCC strain 19606 (AB-19606). Based on previous published reports from other research groups, and our data 18 , a sub-lethal (5 × 10 7 cfu) mouse pneumonia model for A. baumannii infection in C57BL/6 mice was used for the studies. Nod2 −/− mice or control wild type C56BL/6 mice were intranasally infected with A. baumannii and the bacterial load was determined in the lungs at early (4 h) and late (24 h) time points post-infection. As seen in Fig. 1a , the pulmonary bacterial load was significantly higher in Nod2
−/− mice compared with wild type controls during the early time point (4 h) post-infection (p = 0.0002). However, at 24 h post-infection, the bacterial loads were comparable in Nod2 −/− and wild type mice. AB-19606 was cleared from the lungs of all the infected mice ~48 h post-infection. To further confirm the role of Nod2 in the early innate immune control of A. baumannii in the lungs, we also compared the A. baumannii load between the wild type and Nod2 −/− mice at an additional early time point post-infection (12 h). The result shown in Fig. 1b show that the pulmonary bacterial load is significantly higher in Nod2 −/− mice in comparison to wild type controls at 12 h post-infection. From this data, we conclude that Nod2 may play important role in the A. baumannii control at the early stages of pulmonary infection, but not at the late stages.
We further assessed the role of Nod2 pathway in the host resistance to more virulent A. baumannii strains. For this, we selected AB-8879 (an A. baumannii clinical isolate belonging to international clonal group II) 18 . The results given in Fig. 1c shows that Nod2 deficient mice has higher lung bacterial load in comparison to wild type controls. This result further validates that Nod2 pathway may also important in the host resistance to more virulent strains of A. baumannii.
A. baumannii-induced early recruitment of neutrophils to the lungs is enhanced in Nod2−/− mice. Early recruitment of neutrophils, the key immune cells, to the lungs is essential for the clearance of pulmonary bacterial pathogens including A. baumannii. In addition, Nod2 deficiency has been previously shown to delay neutrophil recruitment to the lungs following bacterial exposure 19, 20 . To determine if Nod2 plays any role in the early recruitment of immune cells to the lungs during A. baumannii infection, we assessed lung immune cell recruitment in Nod2
−/− mice in comparison to wild type controls. Histopathological analysis of the mouse lungs prior to infection did not reveal any significant difference between wild type and Nod2 −/− mice (Fig. 2a) . However, significant number of neutrophil infiltration (perivascular, peribronchiolar and/or alveolar) in the lungs was observed in all the mice during A. baumannii infection at early time points (4 h). Moreover, at 4 h post infection, the severity of neutrophil infiltration in Nod2 −/− was significantly higher in comparison to wild type mice {Fig. 2b shows histopathological scoring) and Fig. 2a shows the representative H&E stained section}. Using MPO assay, we further confirmed the initial enhanced neutrophil recruitment observed in the lungs of Nod2 −/− mice during A. baumannii infection (Fig. 2c) . Thus the enhanced neutrophil infiltration into the lungs of A. baumannii infected Nod2
−/− mice correlates with the higher bacterial load observed in these mice at early time points after infection.
Nod2-deficient mice elicit early enhanced production of inflammatory cytokines and chemokines during A. baumannii infection. To gain insight into the mechanism of Nod2-mediated early A. baumannii protection, we next measured the lung inflammatory response to determine if the enhanced bacterial load seen in Nod2 −/− mice at 4 h post-infection is due to impaired production of cytokines/chemokines. There was no difference in the BAL levels of TNF-α, IL-12p70, and MIP2 in the infected Nod2 −/− mice in comparison to wild type controls (Fig. 3a) . However, we found that the levels of Gro-α, IL-23, MCP-1, IL-17 and IL-1β were significantly increased in Nod2-deficient mice in comparison to wild type controls at 4 h post-infection (Fig. 3b ).
This result shows that the enhanced susceptibility of Nod2-deficient mice to A. baumannii pulmonary infection is not due to lack of cytokine/chemokine production at 4 h post-infection.
Nod2-deficient mice generate reduced levels of ROS/RNS during early time points of A. baumannii infection.
Apart from cytokine production, other Nod2-mediated antibacterial responses include antimicrobial peptide production and ROS/RNS release. Therefore we next assessed if there is any defect in the production of anti-microbial factors previously known to restrict A. baumannii lung infection such as β-defensin 2 (BD2) and ROS/RNS in the absence of Nod2. Unfortunately, we were unable to detect any induction of BD2 in lungs of either wild type or Nod2-deficient mice with A. baumannii infection (not shown). However, we observed that the wild type mice elicited significant amounts of ROS/RNS in the lungs following A. baumannii infection at 4 h (p = 0.009) (Fig. 4) . Moreover, Nod2
−/− mice showed significantly reduced production of ROS/RNS in comparison to wild type controls (Fig. 4) . From this data, we conclude that at least one of the mechanisms by which Nod2 pathway contributes to the early A. baumannii control is through ROS/RNS production. in vivo. Hence we reason that MDP priming could be used as a strategy to control A. baumannii infection in the lungs. To test this hypothesis, mice were administered intrperitoneally with either MDP or PBS (control) followed by A. baumannii infection. Remarkably, as seen in Fig. 5 , we found that MDP-administered mice were significantly more resistant to subsequent A. baumannii pulmonary challenge (p = 0.007). Thus Nod2 priming could be considered as a strategy to control A. baumannii infection. 
Administration of Nod2 ligand muramyl dipeptide (MDP) protects the mice from

Discussion
Based on our study, Nod2-deficient mice are more susceptible to A. baumannii at early, but not at late time points of infection. This indicates that Nod2 is involved in preventing the early colonization of A. baumannii in the lung. In addition, based on our previous in vitro study, a related receptor Nod1 is also involved in A. baumannii lung control; however, we didn't examine the in vivo contribution of Nod1 pathway during A. baumannii infection in the current study. Because of the redundant roles of Nod1 and Nod2 signaling pathways, it is possible that a combined action of both Nod1 and Nod2 may be required for the effective control of A. baumannii. Future studies using Nod1/Nod2 double knockout mice or Rip2 −/− mice will clarify this point further. Consistent with the higher bacterial load, A. baumannii infected Nod2 −/− mice also exhibited enhanced recruitment of neutrophils to the lungs in comparison to the wild type mice. MIP-2 and Gro-α (KC) are the two major chemokines involved in mediating the neutrophil recruitment to the lungs during infection. Although the levels of MIP-2 was comparable between wild type and Nod2 −/− mice (Fig. 3a) , our results show that the levels of Gro-α (KC) was significantly higher in Nod2 −/− mice in comparison to wild type mice during A. baumannii infection (Fig. 3b) . In addition, the levels of other known neutrophil chemoattractants such as IL-17 and IL-1β were also higher in Nod2 −/− mice in comparison to wild type mice during A. baumannii infection (Fig. 3b) . We speculate that the enhanced production of these chemokines/cytokines in A. baumannii infected Nod2 −/− mice are responsible for the increased neutrophil recruitment observed in these mice. The mechanism by which Nod2 deficiency leads to the enhanced production of Gro-α, IL-17 and IL-1β during A. baumannii infection is currently unknown and will be a matter of future research.
Our results show that one of the mechanisms by which Nod2 pathway contributes to the early A. baumannii control is through the generation of microbicidal ROS/RNS. The relative contribution of ROS and RNS in A. baumannii immunity was examined in a previous study by another group 12 
. Qiu et al. demonstrated that gp91phox
−/− , but not NOS2 −/− , mice were highly susceptible to intranasal A. baumannii infection implying that NADPH-dependent ROS production is essential for the effective early control of A. baumannii from the lungs, with RNS playing only a minimal or no role. Despite the importance of ROS in A. baumannii control, however, the pathways involved in the ROS generation during A. baumannii infection are not characterized yet. Based on our current study, we conclude that the ROS production during A. baumannii infection is mediated through Nod2 signaling pathway. Generation of the bactericidal ROS via Nod2-dependent pathway has been shown for other intracellular bacteria such as Listeria monocytogenes 21 . Although our studies showed that the ROS production was significantly reduced in Nod2 −/− mice in comparison to wild type controls following A. baumannii infection, the ROS production was not completely abrogated in Nod2 −/− mice, implying that additional innate immune pathways (such as Nod1 pathway) might also contribute to the ROS production during A. baumnnii lung infection. Although our previous in vitro study showed that Nod1-Nod2-Rip2 pathway contributes to intracellular A. baumannii control through the production of β-defensin 2, we were unable to detect any induction of β-defensin 2 in the lungs of either wild type or Nod2-deficient mice with A. baumannii infection, probably due to the induction of very low levels of detectable β-defensin 2 in our experimental system. Although Nod2 is mainly expressed in lung epithelial cells, macrophages and neutrophils, the cell types involved in Nod2-mediated A. baumannii-induced ROS production is not examined in this study. While some earlier studies have demonstrated the importance of macrophages in the early innate control of A. baumannii 8, 22 , one study has reported that macrophages may play only a minor role in the innate host defense against A. baumannii 9 . Hence we speculate that lung epithelial cells or neutrophils are the major potential cell types that may be involved in the Nod2-mediated ROS production during A. baumannii lung infection. However, since alveolar macrophages are the first line of resident immune cells that are capable of detecting and eliminating respiratory bacterial pathogens, their role in mediating the early induction of Nod2-mediated ROS during A. baumannii infection cannot be ruled out. A higher influx of neutrophils was observed in Nod2 −/− mice during A. baumannii infection at 4 h post-infection. Considering the importance of early neutrophil recruitment to the lungs in the control of A. baumannii infection, however, it is interesting to note that even this enhanced neutrophil numbers was unable to control the bacterial load at this time point. This implies that the microbicidal abilities of the recruited neutrophils may be compromised in the absence of Nod2.
Immunomodulatory therapies in patients with compromised immune status are promising strategies to prevent or treat A. baumannii infections. Nod1/Nod2 agonists have been shown to have both immunomodulatory and anti-infective properties. The Nod2 ligand MDP alone or combinations with other agents have long been recognized as immunostimulants to induce non-specific immune response to antigens or against various pathogens including bacteria [23] [24] [25] [26] . Since MDP is toxic to be used as adjuvant in humans, a safe synthetic alternative of MDP called murabutide was developed and it has been used extensively in preclinical animal and human clinical trials previously 24, [27] [28] [29] [30] [31] . Since our studies identified that administration of the Nod2 ligand MDP confers protection to A. baumannii pulmonary challenge, it will be important to further explore the possibility of manipulating Nod2 pathway as an immunomodulatory strategy to prevent or treat A. baumannii infections.
In conclusion, our study has revealed a novel mechanism by which early A. baumannii load is kept in check by the lung innate immune system. NOD agonists could be considered as immunostimulants or anti-infectives against A. baumannii pneumonia. 
Materials and Methods
Ethics
Bacterial strains and growth conditions. A. baumannii ATCC 19606 strain was grown overnight in
Tryptic soy broth supplemented with 25 µg/ml streptomycin at 37 °C with shaking at 220 rpm.
A. baumannii in vivo infection. Mice were infected with A. baumannii (AB-19606) intranasally as described before 18 . Briefly, bacteria were grown overnight in tryptic soy broth supplemented with 25 μg/ml streptomycin and the cultures were re-inoculated in tryptic soy broth at 1%. Three hours later bacteria were harvested by centrifugation (3,000 × g, 10 min), washed twice with PBS, and the bacteria were resuspended at indicated CFUs in 40 μl PBS. Actual inoculum concentrations were determined by plating serial dilutions on TSA plates supplemented with 25 μg/ml streptomycin. Mice were anaesthetized by administering ketamine/xylazine intraperitoneally and were subsequently infected intranasally with A. baumannii.
In vivo bacterial load enumeration. For enumeration of bacterial CFU in lungs, mice were sacrificed at indicated time points post infections. Lungs were removed aseptically and were homogenized in 0.1% triton X-100. Serial dilutions of the lysates were plated on TSA streptomycin plates for CFU enumeration.
Collection of broncheoalveolar lavage and cytokine analysis. For the aspiration of broncheoalveolar lavage (BAL), trachea was exposed through a midline incision. Lungs were lavaged 4-5 times with 1 ml PBS injected through the trachea. BAL fluid was spun at 2000 rpm for 10 minutes. Supernatants were concentrated using Vivaspin 500 columns (5 kDa cutoff, VS0012, Sartorius) and were analyzed for various cytokines using ProcartaPlex ® Multiplex Immunoassay from eBioscience by the Immunomonitoring Platform, SIgN, A*STAR, Singapore.
Immunohistochemistry. Lungs were insufflated with 10% neutral buffer formalin via trachea and removed en bloc. The lungs were kept in 10% neutral buffer formalin until further processing for histological studies which was carried out at histopathology laboratory at The Advanced Molecular Pathology Laboratory (AMPL), Institute of Molecular and Cell Biology (IMCB), Singapore. Lungs were embedded in paraffin blocks. Serial sections (4 to 5 µm) were cut and processed for H&E staining or MPO staining by immunohistochemistry (IHC).
H&E slides were analyzed under light microscopy by a pathologist in a blind fold analysis. Sections were evaluated for the following parameters: (a) alveolar/peribronchial neutrophilic infiltrates, (b) vasculitis and vascular extravasation and (c) bronchial epithelial sloughing/necrosis. Sections were scored as following for neutrophil influx: (1) Minimal influx (2) Mild influx (3) Moderate influx.
IHC slides were scanned using Leica SCN400 slide scanner (Leica Microsystems, Germany). Images were exported to Slidepath Digital Image Hub (Leica Microsystems, Germany) for viewing. Images were analyzed using Slidepath Tissue IA 2.0 software (Leica Microsystems, Germany). Data was collated using Microsoft Excel.
MDP treatment of mice. Mice were administered intraperitoneally with either PBS or MDP (100 μg) for 3 consecutive days as described before 32 . At day 4, mice were infected with 2 × 10 7 A. baumannii as described above. Mice were sacrificed at 4 hours post infection and bacterial load in lungs was determined as described above.
ROS/RNS assay. Lungs were homogenized in PBS with protease inhibitor. The lysates were then spun at 2000 rpm for 10 minutes. The supernatant was assayed for ROS/RNS using OxiSelect ™ In Vitro ROS/RNS Assay Kit.
Statistical analysis. P values were determined by unpaired two-tailed Student's t test. P values less than 0.05 were considered statistically significant
